1. Introduction {#sec1-molecules-20-19718}
===============

The development of the nuclear industry has generated a number of different effluents containing radionuclides, long- or short-life elements, issued from normal running conditions or from incidental events such as Three Mile Island (USA), Chernobyl (Ukraine) or Fukushima (Japan). There is a need for materials and/or processes capable of recovering radionuclides from low metal concentration solutions containing, in some cases, high salt levels (sea water for example, or alkaline solutions, such as the Hanford Site tanks).

Different processes have been developed for the liquid extraction, the precipitation (or co-precipitation), or the sorption of radionuclides from such complex media. Mineral ion-exchangers have shown their high efficiency for the recovery of radioelements, based on their crystalline structure, which contributed to sieving the target metals from other contaminants. Among ion-exchangers Prussian-Blue analogues (double ferrocyanides or hexacyanoferrates) have retained a great attention, and they are frequently used for Cs recovery from industrial effluents, contaminated water bodies \[[@B1-molecules-20-19718]\], and for Cs or Tl decorporation \[[@B2-molecules-20-19718],[@B3-molecules-20-19718],[@B4-molecules-20-19718]\] (the so-called commercial Radiogardase^®^ \[[@B5-molecules-20-19718]\]). Transition metal hexacyanoferrates are very efficient and selective ion-exchangers for Cs^+^ due to their cubic structure with thin channels (close to 3.2 Å) \[[@B6-molecules-20-19718]\]: this size is compatible with the diffusion of small hydrated ions like Cs^+^, K^+^, NH~4~^+^ while the diffusion is hindered for metal ions with largest hydrated radius such as Na^+^, Ca^2+^, *etc.* The recovery of target metal can also proceed through a reactive precipitation involving the simultaneous binding of the radionuclide and the formation of the metal hexacyanoferrate \[[@B7-molecules-20-19718],[@B8-molecules-20-19718]\]: the precursors (alkali metal ferrocyanide and metal salt) are mixed with cesium ions. However, the very thin precipitates formed during the reaction may be difficult to separate.

The sorption performance of these materials is generally controlled by diffusion, accessibility to reactive sites and surface parameters. This means that these ion-exchangers exhibit their highest efficiency for sub-micron size particles. However, designing and managing such materials at the "nanometer" scale leads to complex problems for their management including complex recovery of materials at the end of processing flow, possible dispersion of hazardous materials (nanometer size particles, radionuclide-bearing compounds). These management and confinement issues are significantly limiting the dissemination of the technique and require developing sophisticated systems for management of these fine particles.

One solution to overcome these problems consists in immobilizing the active material (ion-exchanger micro/nanoparticles) at the surface or in the core of supports to prevent their readily dispersion. However, the immobilization process may face some limitations, including: reduced reactivity, low volumetric/mass density of reactive sites (dilution of active particles in/on the matrix) or slow kinetics (increased resistance to diffusion). Thus the main question is: "How to handle simultaneously confinement issues, mass transfer properties and high volumetric density of reactive groups?"

This review reports on: (a) the synthesis and characterization of bulk hexacyanoferrate-based ion-exchangers; (b) the techniques that can be used for their immobilization on different supports (including the possibilities offered for adapting the shape and the morphology of these hybrid materials); and briefly (c) their sorption properties.

We note that though most of the review focuses on hexacyanoferrate(II) (or ferrocyanide) of bi-metal complexes (*i.e.*, K^+^/Na^+^/NH~4~^+^ and divalent counter cation), some references dealing with simple hexacyanoferrate(II) or hexacyanoferrate(III) will be discussed for the purpose of commenting on some of the parameters affecting metal binding.

Hexacyanoferrate ion-exchangers have been widely studied for the recovery of Cs(I) and analogues; however, a numerous literature is also citing the possibility to use these materials for the sorption of base and precious metal ions. This mini-review is also reporting some examples of synthesis of hexacyanoferrate composite materials for the recovery of non-radioelements (*i.e.*, Tl(I) and base/precious metal ions).

2. Synthesis and Sorption Properties of Bulk Hexacyanoferrate-Based Ion-Exchangers {#sec2-molecules-20-19718}
==================================================================================

The structural properties and sorption performances of hexacyanoferrate-based ion exchangers are strongly influenced by the composition of ion-exchangers (types and contents of monovalent cation and multivalent cation), which depends on the conditions used for their synthesis.

2.1. Synthesis and Structure of Metal Hexacyanoferrate Ion-Exchangers {#sec2dot1-molecules-20-19718}
---------------------------------------------------------------------

Basically, the synthesis of insoluble hexacyanoferrate compounds proceeds through the reactive precipitation of two precursors: a soluble hexacyanoferrate (based on K, Na, H or NH~4~^+^ forms) and a soluble metal salts (to be incorporated in the double-metal hexacyanoferrate compound). The experimental procedure influences the properties of the final product; including the solubility/stability, the composition (ratio metal/K^+^, Na^+^, H^+^ or NH~4~^+^), the size of nano/micro-particles (and their aggregation), the specific surface area, the density and the crystalline structure (face-centered cubic, rhombic, cubic, rhombohedric, trigonal) and its cell parameter \[[@B9-molecules-20-19718],[@B10-molecules-20-19718],[@B11-molecules-20-19718]\]. The parameters that play on the final product are the types of precursors, their molar ratio (and their concentrations), the mode (simultaneous introduction, successive addition, *etc.*), the order (hexacyanoferrate into metal salt solution, or reciprocal) and velocity of introduction (drop by drop, slow, fast, *etc.*) of their addition, the reaction temperature, the maturation (or aging), and the post-treatment (drying conditions) \[[@B12-molecules-20-19718]\]. This means that slightly changing the experimental conditions may significantly change the characteristics of the final product. This also means that during the synthesis of the double hexacyanoferrate compound a variation in experimental conditions may cause (a) the co-existence of different products, and (b) the difficulty in obtaining perfectly reproducible results. The molar ratio during the synthesis procedure may change when one of the precursors is injected drop to drop in the other compound, driving to heterogeneous materials. This drawback can be minimized with pouring out together the two precursors at the same moment. However, some heterogeneity can locally occur in the mixing zone of the two compounds. An alternative solution would consist in the "in-drop" synthesis of the double-metal hexacyanoferrate. The process consists in the mixing of the two precursors in a single drop through two needles fed at the same rate by a peristaltic pump. [Figure 1](#molecules-20-19718-f001){ref-type="fig"} shows the example of the synthesis of Prussian Blue by this "in-drop" method: the two precursors (iron(III) chloride and potassium hexacyanoferrate) are mixed in the drop at the extremity of the needles (the photographs taken at different contact times show the progressive formation of the Prussian Blue complex, together with the beige colored phase of FeCl~3~ and the uncolored phase of potassium hexacyanoferrate).

!["In-drop" synthesis of Prussian Blue.](molecules-20-19718-g001){#molecules-20-19718-f001}

Despite a numerous literature on hexacyanoferrate use for Cs (and other radionuclide) binding, this is generally difficult getting full information on the synthesis procedure and detailed characteristics of the products (structure, composition, surface properties, and comparative sorption properties) \[[@B13-molecules-20-19718]\]. As a consequence it is difficult to correlate the optimum conditions for sorption of target radionuclides with the synthesis procedure and the properties of double-metal hexacyanoferrate ion-exchangers. Exhaustive reviews on the preparation and characterization of metal hexacyanoferrate (Cu, Zn and Ni hexacyanoferrates) have been published in the 80's and 90's by Loos-Neskovic research group: they reported and discussed the impact of synthesis procedures on the structure of double-metal hexacyanoferrate \[[@B11-molecules-20-19718],[@B14-molecules-20-19718],[@B15-molecules-20-19718]\]. Exhaustive structural characterization of these bulk ion-exchangers have been reported in this "reference literature" and readers are invited to consult these papers for literature analysis. The chemical structure of the Prussian Blue analogue is characterized by the general structural formula: A~x~M~y~\[Fe(CN)~6~\]~z~·nH~2~O, with the specific *x*, *y*, *z* and *n* parameters and the type of monovalent cation (A = K^+^, Na^+^, NH~4~^+^), and bivalent transition metal cation (M = Ni^2+^, Co^2+^, Cu^2+^, Zn^2+^, Fe^2+^, *etc.*). This general chemical structure, the physical structure (cubic, face-centered cubic., trigonal, tetragonal, rhombohedral), and the size of crystallites are strongly controlled by the experimental conditions used for the synthesis of the ion-exchanger \[[@B15-molecules-20-19718]\]. Loos-Neskovic group showed that the most important and controlling parameters are the molar ratio between the precursors, the order of their addition, the presence of other chemical agents (ammonia and ammonium chloride, *etc.*), the temperature, the pH. These parameters may impact also the stability of intermediary colloid particles and finally the size of ion-exchanger particles \[[@B15-molecules-20-19718]\]. This is critical for the sorption properties of Prussian Blue analogue: hence, Lee and Streat \[[@B16-molecules-20-19718]\] reported that Cs sorption capacity of potassium cobalt ferrocyanide is directly correlated to the fraction of potassium present on the ion-exchanger. It is noteworthy that the synthesis procedure may also impact the oxidation state of iron (Fe(II) *vs.* Fe(III)) in the ion exchanger: the change in the precursor (ferricyanide *vs.* ferrocyanide) leads to different arrangements in the mesh of the crystalline structure, the vacancy of ferro-/ferri-cyanide sites, the size of ion-exchange cage, the possible incorporation of H~2~O molecules (which, in turn, may affect the coordination sphere and the reactivity of cyanide groups).

The type of metal may significantly impact the structure and the size of double-metal hexacyanoferrate crystals. For example, Loos-Neskovic *et al.* \[[@B17-molecules-20-19718]\] reported that Zn-hexacyanoferrate(III) crystals had trigonal structure at high Zn content and a rhombohedral structure at lower Zn content, while nickel-hexacyanoferrate(III) crystals exhibited a face-centered cubic structure. [Table S1](#app1-molecules-20-19718){ref-type="app"} (see [Supplementary Materials](#app1-molecules-20-19718){ref-type="app"}) compares the characteristics of different metal-potassium hexacyanoferrates encapsulated into chitin beads. The ion-exchanger content in the different composites was of the same order (*i.e.*, between 16% and 20%, *w*/*w*); the amount of K element in the composites strongly varied indicating significantly different possibilities of ion-exchange (*i.e.*, between 0.2 and 0.9 mmol·K·g^−1^ composite). However, the sorption capacities for Cs(I) were not directly correlated to the amount of K element (for both "natural" Cs(I) and ^137^Cs-doped solution) \[[@B18-molecules-20-19718]\].

The ratio of precursors directly impacts the stability of the colloidal phase (formed during the reaction of the precursors) and the size of synthesized particles but hardly changes the type of produced hexacyanoferrate \[[@B15-molecules-20-19718]\]. It is generally accepted that an excess of counter metal ion (secondary metal salt containing d-metals such as Cu, Zn, Co, Fe, Ni, among the most popular) contributes to reduce the tendency of the mixture to form stable colloids and to facilitate the precipitation of the complex. Loos-Neskovic *et al.* \[[@B14-molecules-20-19718]\] compared the structure of zinc hexacyanoferrate(III) for different preparation methods with different molar ratio between the precursors (different excess of counter-metal): they most frequently found the structure to be rhombohedral but in some cases (and more specifically in the case of the presence of other cation like protons or Cs(I)) the structure changed to cubic. In addition, the chemical structure/composition was strongly affected by the experimental conditions that lead to mixtures of different salts and some changes in the crystal lattice. [Figure S1](#app1-molecules-20-19718){ref-type="app"} (see [Supplementary Materials](#app1-molecules-20-19718){ref-type="app"}) shows the XRD patterns of Prussian Blue prepared by varying the molar ratio R between the precursors (R = \[FeCl~3~\]/\[K~4~Fe(CN)~6~\]). The XRD data were used for the determination of the size of sorbent particles (nanocrystals) through the Scherrer equation ([Table S2](#app1-molecules-20-19718){ref-type="app"}, see [Supplementary Materials](#app1-molecules-20-19718){ref-type="app"}). The size of nanocrystals was determined using 3 different peaks (at 2θ = 17.42, 24.63 and 35.22) corresponding to reflections (200), (220) and (400): the three determinations were roughly convergent in the range 58--82 Å, with dispersion lower than 8 Å (except for R: 1, for which the dispersion of particle size data was very large; *i.e.*, 103 ± 32 Å). The SEM-EDX analysis of the samples (compressed as discs) allowed determining the effective molar ratio Fe/K in the final products ([Table S3](#app1-molecules-20-19718){ref-type="app"}, see [Supplementary Materials](#app1-molecules-20-19718){ref-type="app"}). As expected increasing the ratio R increased the molar ratio Fe/K. Mimura *et al.* \[[@B19-molecules-20-19718]\] investigated more specifically the impact of Ni/Fe molar ratio of precursors on the structure of potassium nickel hexacyanoferrate: as the Ni/Fe ratio decreased, the molar ratio K/Fe increased (while the theoretical ion-exchange capacity slightly decreased between 5.93 and 5.74 meq·g^−1^). The highest crystallinities and largest crystal sizes were obtained with K/Fe ratio of 1.15 and 1.32 (corresponding to molar excess of Ni *vs.* Fe in the precursors, in the range Ni/Fe: 1.43--4.0). Actually the comparison of maximum sorption capacities did not show clear and continuous trend: the sorption capacity varied between 1.0 and 1.5 mmol Cs·g^−1^.

The aging of the colloidal preparation (reaction of precursors, when the stoichiometry does not lead to the formation of a stable precipitate) is another way to control and increase the size of ion-exchanger particles, but the reproducibility in the synthesis procedure is more difficult to achieve. Loos-Neskovic *et al.* \[[@B15-molecules-20-19718]\] also reported the possible effect of the temperature and drying on the structure and composition of the ion-exchanger. Ishfaq *et al.* \[[@B20-molecules-20-19718]\] reported that increasing the drying temperature of potassium copper nickel hexacyanoferrate increases the Cs sorption capacity of the ion-exchanger: fast water release in the ion-exchanger enhances the porous properties of the material. Increasing the drying temperature from 70 to 110 °C leads to progressive increase of surface area (from 88 to 106 m^2^·g^−1^), pore size (from 60 to 85 Å), porous volume (from 0.26 to 0.51 cm^3^·g^−1^), capillary percentage (from 10% to 23%), and exchange capacity (from 1.39 to 2.25 meq·g^−1^). The expansion of surface properties with drying temperature was attributed to the faster evacuation of water molecules that contributes to the creation of supplementary pores. Gaffar *et al.* \[[@B21-molecules-20-19718]\] reported the progressive change in the structure of potassium hexacyanoferrate crystals (space and lattice parameters) when increasing the temperature from 50 °C to 420 °C. The changes in the structure (tetragonal *vs.* monoclinic) were correlated to the progressive loss of crystallization water and the conversion of iron from ferrous form to ferric form (at the highest temperatures above 360 °C).

The presence of stabilizer during the synthesis also influences the size of particles. For example adding polyvinyl alcohol in the mixture of copper sulfate and potassium hexacyanoferrate allowed decreasing the size of copper hexacyanoferrate nanoparticles from 450 nm to 145 nm \[[@B22-molecules-20-19718]\]. Similar conclusions were reached for the preparation of potassium-cobalt hexacyanoferrate ion-exchangers \[[@B23-molecules-20-19718]\]. Another mode of synthesis may consist in the ion-exchange of a specific metal ion with an already existing solid hexacyanoferrate \[[@B24-molecules-20-19718]\]. This mode of synthesis is less common and it is generally controlled by the exchangeability of the metal ion present on the solid ion-exchanger (depending on the difference in the affinity of metal ions with hexacyanoferrate moiety) \[[@B11-molecules-20-19718],[@B13-molecules-20-19718]\].

2.2. Type of Metal Hexacyanoferrate {#sec2dot2-molecules-20-19718}
-----------------------------------

The chemical structure of the ion-exchanger obviously depends on the nature of the precursors used for the synthesis: (a)Ferrocyanide and ferricyanide will influence the oxidation state of iron in the ion-exchanger \[[@B13-molecules-20-19718],[@B25-molecules-20-19718]\], in addition to the effect of experimental conditions that may influence the stability and the oxidation/reduction of iron.(b)The type of ferro/ferricyanide and more specifically the presence and the type of exchangeable alkali or monovalent cation (Na^+^, K^+^ or NH~4~^+^) will orientate the use of the ion-exchanger: for example, for Cs or Tl decorporation, potassium and ammonium salts should be prohibited to limit the secondary health effects and sodium-precursor will be preferred \[[@B26-molecules-20-19718],[@B27-molecules-20-19718]\]. This may also influence the type of mechanism involved in metal binding: for example, the presence of monovalent cation allows ion-exchange process (instead of pure surface sorption) \[[@B25-molecules-20-19718]\].(c)The type of counter metal salt (nickel, copper, cobalt, iron, zinc) will influence the potential release of counter metal cations during the sorption process \[[@B18-molecules-20-19718]\], but also the chemical structure \[[@B28-molecules-20-19718]\], and the spatial arrangement (crystallographic properties) of the ion-exchanger, which, in turn, may affect the accessibility and the ion-exchange affinity (cage effect) of the material for target metal ions, but also uptake kinetics \[[@B25-molecules-20-19718],[@B29-molecules-20-19718]\].

[Table S4](#app1-molecules-20-19718){ref-type="app"} (see [Supplementary Materials](#app1-molecules-20-19718){ref-type="app"}) displays the different counter metals that were used for the synthesis of sorbents made of Prussian Blue analogues (including both precipitated particles and immobilized ion-exchangers). The most conventional hexacyanoferrates are incorporating: nickel \[[@B6-molecules-20-19718],[@B7-molecules-20-19718],[@B8-molecules-20-19718],[@B12-molecules-20-19718],[@B28-molecules-20-19718],[@B30-molecules-20-19718],[@B31-molecules-20-19718],[@B32-molecules-20-19718],[@B33-molecules-20-19718],[@B34-molecules-20-19718],[@B35-molecules-20-19718],[@B36-molecules-20-19718],[@B37-molecules-20-19718],[@B38-molecules-20-19718],[@B39-molecules-20-19718],[@B40-molecules-20-19718],[@B41-molecules-20-19718],[@B42-molecules-20-19718],[@B43-molecules-20-19718],[@B44-molecules-20-19718],[@B45-molecules-20-19718],[@B46-molecules-20-19718],[@B47-molecules-20-19718],[@B48-molecules-20-19718],[@B49-molecules-20-19718],[@B50-molecules-20-19718],[@B51-molecules-20-19718],[@B52-molecules-20-19718],[@B53-molecules-20-19718],[@B54-molecules-20-19718],[@B55-molecules-20-19718],[@B56-molecules-20-19718],[@B57-molecules-20-19718],[@B58-molecules-20-19718],[@B59-molecules-20-19718],[@B60-molecules-20-19718],[@B61-molecules-20-19718],[@B62-molecules-20-19718],[@B63-molecules-20-19718],[@B64-molecules-20-19718],[@B65-molecules-20-19718],[@B66-molecules-20-19718]\], copper \[[@B8-molecules-20-19718],[@B11-molecules-20-19718],[@B13-molecules-20-19718],[@B22-molecules-20-19718],[@B25-molecules-20-19718],[@B28-molecules-20-19718],[@B30-molecules-20-19718],[@B31-molecules-20-19718],[@B38-molecules-20-19718],[@B42-molecules-20-19718],[@B45-molecules-20-19718],[@B46-molecules-20-19718],[@B47-molecules-20-19718],[@B48-molecules-20-19718],[@B49-molecules-20-19718],[@B58-molecules-20-19718],[@B61-molecules-20-19718],[@B64-molecules-20-19718],[@B65-molecules-20-19718],[@B67-molecules-20-19718],[@B68-molecules-20-19718],[@B69-molecules-20-19718],[@B70-molecules-20-19718],[@B71-molecules-20-19718],[@B72-molecules-20-19718],[@B73-molecules-20-19718],[@B74-molecules-20-19718],[@B75-molecules-20-19718],[@B76-molecules-20-19718],[@B77-molecules-20-19718],[@B78-molecules-20-19718],[@B79-molecules-20-19718],[@B80-molecules-20-19718],[@B81-molecules-20-19718]\], iron \[[@B26-molecules-20-19718],[@B27-molecules-20-19718],[@B28-molecules-20-19718],[@B42-molecules-20-19718],[@B61-molecules-20-19718],[@B79-molecules-20-19718],[@B81-molecules-20-19718],[@B82-molecules-20-19718],[@B83-molecules-20-19718],[@B84-molecules-20-19718],[@B85-molecules-20-19718],[@B86-molecules-20-19718],[@B87-molecules-20-19718],[@B88-molecules-20-19718],[@B89-molecules-20-19718],[@B90-molecules-20-19718],[@B91-molecules-20-19718],[@B92-molecules-20-19718],[@B93-molecules-20-19718],[@B94-molecules-20-19718],[@B95-molecules-20-19718],[@B96-molecules-20-19718]\], cobalt \[[@B1-molecules-20-19718],[@B8-molecules-20-19718],[@B9-molecules-20-19718],[@B23-molecules-20-19718],[@B28-molecules-20-19718],[@B30-molecules-20-19718],[@B31-molecules-20-19718],[@B42-molecules-20-19718],[@B45-molecules-20-19718],[@B46-molecules-20-19718],[@B47-molecules-20-19718],[@B48-molecules-20-19718],[@B58-molecules-20-19718],[@B75-molecules-20-19718],[@B88-molecules-20-19718],[@B97-molecules-20-19718],[@B98-molecules-20-19718],[@B99-molecules-20-19718],[@B100-molecules-20-19718],[@B101-molecules-20-19718],[@B102-molecules-20-19718],[@B103-molecules-20-19718],[@B104-molecules-20-19718],[@B105-molecules-20-19718]\], zinc \[[@B14-molecules-20-19718],[@B45-molecules-20-19718],[@B46-molecules-20-19718],[@B47-molecules-20-19718],[@B48-molecules-20-19718],[@B50-molecules-20-19718],[@B106-molecules-20-19718],[@B107-molecules-20-19718],[@B108-molecules-20-19718]\]. Other metals, more "exotic" in this field, have also been used for specific applications: de Taconi *et al.* \[[@B28-molecules-20-19718]\] used Pd, In and V salts for the synthesis of metal hexacyanoferrates and reported their possible utilization in electrocatalytic devices (smart display windows, photoimaging, chemical/biochemical sensing, energy conversion, magnetic and optic materials, and environmental remediation).

[Figure 2](#molecules-20-19718-f002){ref-type="fig"} compares the TEM photographs of bulk particles of metal hexacyanoferrates that were obtained using the synthesis procedure: reaction under strong agitation of two precursors (potassium hexacyanoferrate and metal sulfate for nickel, cobalt, zinc and copper, and chloride salt for iron(III), for Prussian Blue; *i.e.*, iron(III) complex the addition of the hexacyanoferrate was proceeded drop by drop). The TEM shows that all the ion-exchanger nanoparticles were smoothened, partially aggregated and small in size except for zinc ion-exchanger, where large isolated cubic particles have been identified. These materials have been immobilized in chitin beads \[[@B18-molecules-20-19718]\]: the sorption properties of the composite materials have been compared. The maximum sorption properties are reported in [Table S1](#app1-molecules-20-19718){ref-type="app"}). The sorbents can be ranked according: Cu \> Ni \> Zn \> Co \> Fe considering the sorption capacity of composite materials; however, reporting the sorption capacity as a function de actual content of the ion-exchanger in the composite material the sorbents can be ranked according: Cu \> Zn \> Ni \> Co \> Fe. It is not possible to find a direct correlation between the size of bulk ion-exchanger particles ([Figure 2](#molecules-20-19718-f002){ref-type="fig"}) and Cs(I) sorption capacities. In the case of bulk metal hexacyanoferrate, Grandjean *et al.* \[[@B29-molecules-20-19718]\] reported a different order in Cs(I) sorption capacities (*i.e.*, Cu \> Co \> Ni) for cation free M^II^-Fe^III^ hexacyanoferrate. In addition, they observed that metal binding is controlled by a surface sorption mechanism limited by the surface of grain size. The best results obtained with copper hexacyanoferrate were attributed to the co-existence of ferro- and ferri-cyanides; indeed ferricyanide allows faster sorption and higher capacity as already reported by Ayrault *et al.* \[[@B25-molecules-20-19718]\]. It is noteworthy that cesium sorption was systematically followed by the reduction of iron(III). They also reported that the presence of alkali ions (K^+^) in the framework of the ion exchanger was correlated to the enhancement of uptake kinetics and the increase of sorption capacities: this was attributed to grain size effect and to a change in the binding mechanism (ion exchange of potassium with cesium *vs.* surface sorption) \[[@B25-molecules-20-19718],[@B29-molecules-20-19718]\].

![TEM photographs of bulk particles of metal hexacyanoferrates (reprinted with permission from Royal Society of Chemistry \[[@B18-molecules-20-19718]\]).](molecules-20-19718-g002){#molecules-20-19718-f002}

2.3. Target Metals for Ion-Exchange on Hexacyanoferrate-Based Sorbents {#sec2dot3-molecules-20-19718}
----------------------------------------------------------------------

Hexacyanoferrate-based sorbents are mainly oriented toward the recovery of Cs(I) \[[@B1-molecules-20-19718],[@B7-molecules-20-19718],[@B8-molecules-20-19718],[@B12-molecules-20-19718],[@B17-molecules-20-19718],[@B22-molecules-20-19718],[@B23-molecules-20-19718],[@B27-molecules-20-19718],[@B30-molecules-20-19718],[@B31-molecules-20-19718],[@B32-molecules-20-19718],[@B33-molecules-20-19718],[@B34-molecules-20-19718],[@B36-molecules-20-19718],[@B37-molecules-20-19718],[@B38-molecules-20-19718],[@B43-molecules-20-19718],[@B45-molecules-20-19718],[@B46-molecules-20-19718],[@B47-molecules-20-19718],[@B51-molecules-20-19718],[@B52-molecules-20-19718],[@B53-molecules-20-19718],[@B55-molecules-20-19718],[@B56-molecules-20-19718],[@B57-molecules-20-19718],[@B58-molecules-20-19718],[@B62-molecules-20-19718],[@B63-molecules-20-19718],[@B65-molecules-20-19718],[@B67-molecules-20-19718],[@B68-molecules-20-19718],[@B69-molecules-20-19718],[@B70-molecules-20-19718],[@B71-molecules-20-19718],[@B74-molecules-20-19718],[@B75-molecules-20-19718],[@B77-molecules-20-19718],[@B78-molecules-20-19718],[@B79-molecules-20-19718],[@B80-molecules-20-19718],[@B81-molecules-20-19718],[@B83-molecules-20-19718],[@B86-molecules-20-19718],[@B87-molecules-20-19718],[@B89-molecules-20-19718],[@B92-molecules-20-19718],[@B93-molecules-20-19718],[@B94-molecules-20-19718],[@B96-molecules-20-19718],[@B98-molecules-20-19718],[@B99-molecules-20-19718],[@B100-molecules-20-19718],[@B103-molecules-20-19718],[@B108-molecules-20-19718],[@B109-molecules-20-19718],[@B110-molecules-20-19718],[@B111-molecules-20-19718],[@B112-molecules-20-19718],[@B113-molecules-20-19718],[@B114-molecules-20-19718],[@B115-molecules-20-19718],[@B116-molecules-20-19718],[@B117-molecules-20-19718],[@B118-molecules-20-19718],[@B119-molecules-20-19718],[@B120-molecules-20-19718],[@B121-molecules-20-19718],[@B122-molecules-20-19718],[@B123-molecules-20-19718],[@B124-molecules-20-19718],[@B125-molecules-20-19718],[@B126-molecules-20-19718]\]. However, some materials have been designed for the recovery of other alkali or alkaline-earth metals (including Rb(I) \[[@B54-molecules-20-19718],[@B116-molecules-20-19718],[@B120-molecules-20-19718]\], and Sr(II) \[[@B43-molecules-20-19718],[@B91-molecules-20-19718],[@B107-molecules-20-19718],[@B123-molecules-20-19718],[@B127-molecules-20-19718]\]) for radionuclide removal, and also for other metals that can be found in the effluents of nuclear industry or other industrial wastewaters such as Tl(I) \[[@B95-molecules-20-19718]\], Co(II) \[[@B39-molecules-20-19718],[@B54-molecules-20-19718],[@B107-molecules-20-19718],[@B128-molecules-20-19718]\], Au(III) \[[@B129-molecules-20-19718]\], Cr(III) or Cr(VI) \[[@B44-molecules-20-19718],[@B54-molecules-20-19718]\], As(III) \[[@B44-molecules-20-19718]\], Pd(II) \[[@B49-molecules-20-19718],[@B130-molecules-20-19718]\], Ag(I) \[[@B50-molecules-20-19718]\], Pb(II) \[[@B73-molecules-20-19718]\], Li(I) \[[@B116-molecules-20-19718],[@B120-molecules-20-19718]\], I(I) \[[@B64-molecules-20-19718]\], La(III) \[[@B107-molecules-20-19718]\], U(VI) \[[@B116-molecules-20-19718]\], Sb(III) \[[@B54-molecules-20-19718]\] or Cu(II) \[[@B131-molecules-20-19718]\]. [Table S5](#app1-molecules-20-19718){ref-type="app"} summarizes relevant literature for metal recovery on hexacyanoferrate-based sorbents (some references have been included though they are reporting simple interactions of hexacyanoferrate-based materials for the elaboration of advanced composites).

2.4. Binding Mechanisms {#sec2dot4-molecules-20-19718}
-----------------------

Based on the structure of these materials the main mechanism involved in the binding of Cs^+^ (and other similar elements) consists in the ion-exchange of K^+^ (or Na^+^, NH~4~^+^) for sorbents of general structure like A~x~M~y~\[Fe(CN)~6~\]~z~·nH~2~O (where A is the monovalent cation (K^+^, Na^+^, NH~4~^+^), M is the bivalent transition metal cation (such as Ni^2+^, Co^2+^, Cu^2+^, Zn^2+^, Fe^2+^, *etc.*)). Ramaswamy \[[@B58-molecules-20-19718]\] investigated Cs^+^ sorption on a series of hexacyanoferrate(II)-based materials. The log-log plot of distribution coefficient against ammonium nitrate concentration gave straight lines with a slope close to 1 that confirm the 1:1 ion exchange mechanism between Cs^+^ and NH~4~^+^. However, this mechanism may be very complex and strongly depends on the structure (and the synthesis mode) of the ion exchanger as reported by Rykov *et al.* \[[@B132-molecules-20-19718]\] in the case of hexacyanocobaltates (by analogy and probed by Mössbauer spectroscopy). Loos-Neskovic *et al.* \[[@B17-molecules-20-19718]\] reported that for mixed hexacyanoferrate (K, Zn) Cs^+^ binding proceeds through the ion-exchange of K^+^ with Cs^+^ (and no Zn release) while for single zinc hexacyanoferrate, Zn^2+^ is released (following a non-stoichiometric ratio because of the partial binding of cesium through the sorption of ion pairs, as Cs^+^·Cl^−^). These different mechanisms are accompanied by possible changes in the crystalline structure of the materials (due to divalent d-metal release from crystal structure). Sheha \[[@B60-molecules-20-19718]\] also reported several mechanisms for cesium recovery using potassium zinc hexacyanoferrate (deposited on magnetite) depending, in this case, on the pH of the solution. In neutral solutions Cs^+^ ions are exchanged with K^+^, while in acidic solutions a phase transformation occurred: potassium release due to proton exchange is followed by the formation of CsZn~2~Fe(CN)~6~ (instead of Cs~2~Zn~3~\[Fe(CN)~6~\]~2~ in neutral solutions with other phases being also present). Ofomaja *et al.* \[[@B133-molecules-20-19718]\] incorporated iron(III) hexacyanoferrate on pine cone powder and investigated the sorption properties of the composite material for Cs^+^. After complete saturation of the sorbent with ammonium ions the NH~4~^+^-loaded composite is exchanged with Cs^+^, Na^+^ and Ca^2+^ solutions, separately. Ammonium ions are effectively released from the sorbent at different extent, according the ion-exchange facilities offered by the similarity in hydrated ionic radii between the different ions (*i.e.*, NH~4~^+^: 0.331 nm, Cs^+^: 0.329 nm, Na^+^: 0.358 nm, Ca^2+^: 0.412 nm \[[@B134-molecules-20-19718]\]): Cs^+^ \> Na^+^ \> Ca^2+^. Based on these observations, Rb^+^ and Tl^+^ ions that have very similar hydrated ionic radii (0.329 and 0.330 nm, respectively) can be readily exchanged with potassium or ammonium ions. This can also participate to the efficient "sieving" effect of the zeolitic cage associated to the crystal structure of the ion-exchangers; this contributes to the high selectivity of these materials for the recovery of Cs-type radionuclides from complex solutions (such as found in high level wastes, HLW, or seawater).

Ayrault *et al.* \[[@B25-molecules-20-19718]\] described the synthesis of "pure phase" copper ferrocyanide and copper ferricyanide that do not contain monovalent cation (like Cu^II^~2~Fe^II^(CN)~6~·xH~2~O and Cu^II^~3~\[Fe^III^(CN)~6~\]~2~·xH~2~O). They were produced by precipitation of precursors: copper(II) nitrate with sodium hexacyanoferrate(II) and potassium hexacyanoferrate(III), respectively. In the case of these ion-exchangers they reported complex mechanisms involving in a first step the diffusion of ions pairs (*i.e.*, Cs^+^·NO~3~^−^), followed by the reorganization of the solid (and concomitant formation of new solid phases) and partial release of copper. This mechanism is possible due to the presence of iron vacancies in the structure and to water replacing. The comparison of the two sorbents shows that Cu^II^~2~Fe^II^(CN)~6~·xH~2~O ion-exchanger has a much higher efficiency for Cs removal than Cu^II^~3~\[Fe^III^(CN)~6~\]~2~·xH~2~O; this was attributed to the presence of "free" copper (*i.e.*, not bound to CN) in Cu^II^~2~Fe^II^(CN)~6~·xH~2~O that allows the diffusion of ion-pairs. In the case of copper ferrocyanide (*i.e.*, Cu~2~Fe(CN)~6~·7H~2~O) Han *et al.* \[[@B70-molecules-20-19718]\] also proposed an exchange of Cs^+^ with Cu^2+^ in the framework of the ion-exchanger. Qing *et al.* \[[@B135-molecules-20-19718]\] correlated the selectivity of potassium-nickel hexacyanoferrate to hydrated radius: the distribution coefficient in the presence of equimolar concentrations of interfering cations (including NH~4~^+^, K^+^, Na^+^, Ca^2+^ and Mg^2+^) increases with the size of their hydrated radius; the cations having the closer hydrated radius from Cs^+^ have a stronger impact on its recovery.

Actually, the synthesis of Prussian Blue analogues generally leads to the formation of mixed materials with different structures and different compositions (due to weak variations in the synthesis procedure, to the presence of impurities) and, as a consequence, the synthesized materials are multiphasic materials that contribute to the coexistence of complex and different binding mechanisms.

An alternative process has been reported by Milyutin *et al.* \[[@B8-molecules-20-19718]\] for the recovery of ^137^Cs^+^ by co-precipitation of the target alkali metal ion with successive additions of potassium ferrocyanide and metal nitrate (at molar ratio Me^2+^/Fe(CN)~6~ close to 1.33). Mixed precipitates of transition metal ferrocyanides and hydroxides are suggested to contribute to the reactive entrapment of radionuclide. The reaction is very sensitive to pH, due to the intrinsic stability of the precipitates and nickel ferrocyanide appears to be the most stable and the most efficient for Cs^+^ removal in alkaline solutions.

Nilchi *et al.* \[[@B136-molecules-20-19718]\] also reported the possibility to prepare binary potassium-metal hexacyanoferrate by contact of the pre-formed potassium-nickel hexacyanoferrate with a copper solution: copper is partially exchanged with nickel to form the binary potassium-copper-nickel hexacyanoferrate.

The oxidation state of iron in the ion-exchanger was also suspected to strongly impact sorption properties \[[@B25-molecules-20-19718],[@B29-molecules-20-19718]\]. Iron(III)-form has a stable structure that is not affected by Cs(I) sorption (with low sorption capacity and slow uptake). On the other hand, iron(II)-form may readily transform its structure for the insertion of larger quantities of Cs(I) \[[@B29-molecules-20-19718]\]: the reaction appears to be kinetically controlled by ion-pair diffusion \[[@B25-molecules-20-19718]\]. In addition, the presence of alkali metal ions (such as K(I)) strongly improves Cs(I) sorption capacity due to the supplementary contribution of ion-exchange mechanisms \[[@B29-molecules-20-19718]\].

2.5. Performance and Process Limitations: The Rationale for Ion-Exchanger Immobilization {#sec2dot5-molecules-20-19718}
----------------------------------------------------------------------------------------

The ion-exchanger stability may depend on the pH, and the structure of the composite (mixed metal hexacyanoferrate). For example Milyutin *et al.* \[[@B75-molecules-20-19718]\] commented that a partial dissolution of the hexacyanoferrate compounds occurs at pH above 11. Loos-Neskovic *et al.* \[[@B74-molecules-20-19718]\] also reported the stability of potassium-copper hexacyanoferrate in neutral solution while, even in absence of cesium, the initial structure of the ion-exchanger is destroyed. The pH may contribute to the release of counter metals, which, in turn, affects the structure of the ion-exchanger (and its affinity or capacity to exchange metal ions, or make accessible site vacancies). The chemical and the physical stabilities are important criteria since the change in the structure of the ion-exchanger or the change in the crystalline structure may induce diffusion limitations, metal leakage and radionuclide release. This is especially important for both sorption performance and long-term storage of metal-loaded materials.

Depending on the structure of the ion-exchanger, its composition and the sorption mechanisms involved in metal binding the zeolite structure is generally favorable to diffusion of small ions and fast kinetics; however, as pointed by Loos-Neskovic *et al.* \[[@B17-molecules-20-19718]\], in some cases, the crystal structure may change during metal sorption involving much slower kinetics. The small size of ion-exchanger particles (which depends on the mode of synthesis, as already reported) is a very important advantage for these materials since it allows reaching very high specific surface area, and then achieving very short equilibrium times. In the synthesis of copper ferricyanide (Cu~2~Fe(CN)~6~·7H~2~O) Han *et al.* \[[@B70-molecules-20-19718]\] obtained a main fraction of particles close to 11.2 µm (with a Gaussian distribution), while a small fraction of the ion-exchanger had a size centered around 0.55 µm. Moon *et al.* \[[@B137-molecules-20-19718]\] synthesized potassium cobalt hexacyanoferrate for the recovery of Cs and obtained particles in the range 2--19 µm (with an average value close to 8.5 µm). Ismail *et al.* \[[@B39-molecules-20-19718]\] investigated the sorption of cobalt with potassium nickel hexacyanoferrate complex and demonstrated that (a) sorption capacity decreases with the increase of the size of ion-exchanger particles; and (b) that the uptake kinetics are enhanced when reducing the size of the material. Decreasing the size of Prussian Blues particles (ferric hexacyanoferrate, Fe^III^~4~\[Fe^II^(CN~6~)~3~\]) also improved the sorption of cesium \[[@B26-molecules-20-19718]\], and thallium \[[@B95-molecules-20-19718]\]. Similar trends were reported by Lehto and Harjula \[[@B101-molecules-20-19718]\] for cesium recovery using potassium cobalt hexacyanoferrate and potassium copper cobalt hexacyanoferrate.

However the small size of these particles and their colloidal state may represent also a serious drawback for large-scale applications since the free decantation, the filtration of this micron-size materials make the solid/liquid separation quite complex. For example, in the case of co-precipitation of cesium with nickel ferrocyanide Milyutin and Gelis \[[@B7-molecules-20-19718]\] reported the necessity to use a filtering material with a pore size no more than 0.2 µm. This means the necessity of frequent management of sophisticated equipment for the regeneration of the filtration medium and for maintaining appropriate filtration flow rate. A complementary treatment may be necessary to facilitate the recovery of spent ion-exchanger (metal-loaded sorbent): coagulation-flocculation has been suggested as a potential complementary treatment in order to agglomerate these nano- or microparticles \[[@B138-molecules-20-19718]\]. Sinha *et al.* \[[@B139-molecules-20-19718]\] recommend the use of ferric ions or, in some cases, polyelectrolytes, such as polyacrylamide (depending on the composition of the solution, especially the ionic strength, and the risk to promote metal exchange of ferric ions with the metal on the ion exchanger and the release of Cs^+^) for enhancing the recovery of ion-exchanger particles.

The stability issue and the difficulty in achieving a fast and efficient solid/liquid separation may explain the interest in managing the size of ion-exchanger particles and justify the numerous studies performed, for the last decades, for: (a) granulating these ion-exchangers; (b) processing their immobilization at the surface or in the porosity of appropriate supports; or (c) their encapsulation in a suitable matrix.

3. Techniques for Immobilization of Metal Hexacyanoferrates {#sec3-molecules-20-19718}
===========================================================

The immobilization of metal hexacyanoferrate in/on supports may proceed through different processes depending on the type of support and the procedure for the synthesis of the ion-exchanger \[[@B1-molecules-20-19718]\]. The process can make profit of (a) the encapsulating properties of the support (in this case the ion-exchanger should be pre-synthesized); or (b) the affinity of the support for one of the precursors (for example binding of the metal followed by the reaction of sodium or potassium hexacyanoferrate for *in situ* synthesis).

The mode of utilization of the material strongly influences the shaping of the ion-exchanger. As already reported the bulk material (nanometric or micrometric size) can be used directly in the wastewater by *in situ* synthesis and co-precipitation, or in the presence of pre-formed powder. The main drawback consists in the difficulty to readily recover the used material at the end of the processing. Frequently coagulation-flocculation is required to facilitate to solid/liquid separation \[[@B139-molecules-20-19718]\]. Alternatively, centrifugation can be used but at the expense of more complex processes for large scale applications \[[@B135-molecules-20-19718]\]. Combining metal hexacyanoferrate reactive groups with a magnetic core may also contribute to facilitate the solid/liquid separation \[[@B44-molecules-20-19718],[@B60-molecules-20-19718],[@B140-molecules-20-19718],[@B141-molecules-20-19718]\]. The rationale of the immobilization is linked to the confinement of the active material in a much opened structured support (large specific surface area, appropriate size of pores). The shapings the most frequently reported are the granular form \[[@B10-molecules-20-19718],[@B59-molecules-20-19718],[@B76-molecules-20-19718],[@B78-molecules-20-19718],[@B104-molecules-20-19718],[@B142-molecules-20-19718]\] or the manufacturing of beads \[[@B18-molecules-20-19718],[@B22-molecules-20-19718],[@B23-molecules-20-19718],[@B36-molecules-20-19718],[@B57-molecules-20-19718],[@B61-molecules-20-19718],[@B94-molecules-20-19718],[@B123-molecules-20-19718],[@B143-molecules-20-19718],[@B144-molecules-20-19718]\]; however, some more innovative shapes have been also designed such as films or membranes \[[@B67-molecules-20-19718],[@B109-molecules-20-19718],[@B145-molecules-20-19718],[@B146-molecules-20-19718],[@B147-molecules-20-19718]\] (mainly for electrochemical processes for cesium recovery or for sensor applications), foams or sponges \[[@B148-molecules-20-19718],[@B149-molecules-20-19718],[@B150-molecules-20-19718],[@B151-molecules-20-19718],[@B152-molecules-20-19718],[@B153-molecules-20-19718]\].

Obviously, granular or powder-form of ion-exchangers are essentially applicable in batch systems with appropriate coagulation-flocculation (playing with the neutralization of charges of the ion-exchanger at the end of the sorption step) using Fe^3+^ or polyelectrolytes (anionic, neutral, cationic based on natural by-products or synthetic polyacrylamide and co-polymers) \[[@B139-molecules-20-19718]\] or by centrifugation.

When conditioned under the form of beads, the typical mode of application is the fixed-bed column. These materials are similar to conventional ion-exchange or chelating resins. A series of columns can be used with the objective of saturating the sorbent and preventing the loss of target metal. In the case of conventional metal ions the desorption step is important for recovering the metal and for recycling/re-using the sorbent; however, in the case of radioelement, desorption step is useless and the critical parameter is the safe management of radioactive loaded material. In this case the column is considered a single-use cartridge that must be readily sealed for appropriate storage. Obviously, the parameters the most important for the design of these materials are the size of the beads (for reducing diffusion limitations), the size of the pores (for both limiting the resistance to intraparticle diffusion and the appropriate confinement of the nano- and micro-particles), the mechanical resistance (attrition, tensile and compressive strength). Mechanical properties of the material can be improved adding reinforcing fibers; for example in the case of ion-exchanger/chitin hybrid materials cellulose fibers have been incorporated in the synthesis and the mechanical properties have been improved \[[@B152-molecules-20-19718]\]. The homogeneous distribution of the ion-exchanger into the support, and the effective accessibility of all the reactive sites are important for the optimization of the process. [Figure 3](#molecules-20-19718-f003){ref-type="fig"} shows an example of SEM-EDX analysis of Prussian Blue/alginate capsules tested for the recovery of Tl(I). The element distribution of Fe and K element (as tracers of the ion-exchanger) in the capsule shows that Prussian Blue is homogeneously distributed in the whole mass of the sorbent (calcium element, as the tracer of the encapsulating material; *i.e.*, alginate, is also homogeneously distributed in the cross section). After metal sorption, thallium is also distributed in the whole mass of the sorbent.

![SEM-EDX analyses of cross-sections of hybrid Prussian Blue/alginate capsules before and after Tl(I) sorption (reprinted with permission from Elsevier \[[@B164-molecules-20-19718]\]).](molecules-20-19718-g003){#molecules-20-19718-f003}

3.1. Immobilization on the Support Matrix {#sec3dot1-molecules-20-19718}
-----------------------------------------

### 3.1.1. Inorganic Support {#sec3dot1dot1-molecules-20-19718}

Mimura *et al.* \[[@B52-molecules-20-19718]\] impregnated chabazite (a natural zeolite) with nickel nitrate (under reduced pressure to enhance the diffusion of nickel in the porous network of the zeolite) before reacting the impregnated material (again under reduced pressure) with K~4~\[Fe(CN)~6~\]. SEM analysis showed the precipitation of potassium-nickel hexacyanoferrate spherical/cubic particles at the surface (including internal porosity) of the zeolite. The same procedure (repeated for several successive impregnation steps) was used for the synthesis of potassium-nickel hexacyanoferrate/SiO~2~ sorbent \[[@B53-molecules-20-19718]\]. As expected the distribution coefficients and the sorption capacities increased with the number of impregnation cycles (due to the increase of metal hexacyanoferrate immobilized on the support): the maximum sorption capacity increased almost linearly (from 0.14 to 0.3 mmol Cs·g^−1^) with increasing the ion-exchanger loading from 11% to 24% (*w*/*w*). The size of the precipitates of metal hexacyanoferrate was in the range 20--50 nm; this is an important criteria since for silica gel of large specific surface area (but low average pore diameter) the crystals are too large and metal hexacyanoferrate is mainly located at the external surface of the support: this means that supports with the smallest size of pores may have limited capacity to support metal hexacyanoferrate and may, in turn, lead to lower sorption capacities because of the progressive blocking of pore channels during the successive impregnation/synthesis steps. It is noteworthy that the crystal lattice of metal hexacyanoferrate on silica gel support was very close to the values obtained with the conventional precipitation process (*i.e.*, 1.01 ± 0.01 for both precipitate and encapsulated forms \[[@B19-molecules-20-19718],[@B52-molecules-20-19718],[@B53-molecules-20-19718]\]). Kazemian *et al.* \[[@B43-molecules-20-19718]\] applied a very similar procedure for the immobilization of potassium-nickel hexacyanoferrate in the porosity of clinoptilolite and other zeolite material (obtained by hydrothermal alkaline treatment of clinoptilolite): successive impregnation batches (under reduced pressure) were used for the *in situ* synthesis of the ion exchanger. They investigated the effect of temperature on the distribution coefficient of Cs^+^ and Sr^2+^: while strontium removal was poorly affected by the temperature the distribution coefficient for cesium progressively increased with temperature.

After synthesizing MCM-41 mesoporous silica, Vo *et al.* \[[@B105-molecules-20-19718]\] immobilized potassium-cobalt hexacyanoferrate (K~0.84~Co~1.08~\[Fe(CN)~6~\]) on the porous support using successive batches of cobalt nitrate in methanol/water solutions and K~3~\[Fe(CN)~6~\] aqueous solutions: the order of impregnation is reversed compared to most of the papers reporting successive impregnation procedures. The size of synthesized nanocrystals was evaluated by XRD analysis (through the Scherrer equation) to approximately 2 nm, consistently with the pore size of MCM-41: the authors comment that the channels of the mesoporous material act as nanoscale reactor for the synthesis of metal hexacyanoferrate particles. The issue of pore blockage reported by Mimura *et al.* \[[@B19-molecules-20-19718],[@B52-molecules-20-19718],[@B53-molecules-20-19718]\] was not documented (probably because of the lower amount of ion-exchanger loaded on the support); however, the TEM images showed that the porous structure of the MCM-41 silica support was not affected by immobilization of PB analogue; though the specific surface of impregnated material was much higher (between 260 and 438 m^2^·g^−1^, depending on the type of ion-exchanger) than the value obtained with as-produced MCM-41 (*i.e.*, 7 m^2^·g^−1^). Milyutin *et al.* \[[@B51-molecules-20-19718]\] used a series of mineral supports (natural calcium carbonate, aluminosilicates (bentonite, clinoptilolite) and silica-based materials (diatomite, biosilica)) for *in situ* synthesis of potassium-nickel hexacyanoferrate sorbents: the mineral supports are first impregnated with nickel sulfate before being mixed with an excess of potassium hexacyanoferrate. The distribution coefficients for Cs were systematically higher than those obtained under similar experimental conditions with bulk potassium-nickel hexacyanoferrate.

Folch *et al.* \[[@B154-molecules-20-19718]\] proposed an alternative method for the incorporation of metal hexacyanoferrate: after preparing hybrid silica (SBA-15 type, bearing NCH~5~H~4~(CH~2~)~2~ functionalities), they impregnated the support with metal chloride species in methanol; finally the dried material was mixed with a methanol solution containing \[N(C~4~H~9~)~4~\]~3~\[Fe(CN)~6~\] (but other cyano-metallate salts can be also used, based, for example, on Mo or Co). The sequence of impregnation steps was repeated to produce different layers of metal hexacyanoferrate. The size of crystal metal hexacyanoferrate was directly controlled by the pore size of the silica matrix used as the hosting material. Delchet *et al.* \[[@B99-molecules-20-19718]\] used almost the same procedure for the deposition of metal hexacyanoferrate on silica matrices and porous glasses: metal impregnation was performed (in successive cycles) in methanol solution using Co(BF~4~) as the impregnating salt and reacting with tetrabutylammonium hexacyanoferrate. Very small (10 nm size-order) crystals of cobalt hexacyanoferrate were immobilized in the porosity of the supports.

Magnetic Prussian Blue particles were prepared by synthesis of magnetic nanoparticles (by co-precipitation of ferrous and ferric salts (Fe(III)/Fe(II) molar ratio: 2/1) with ammonium hydroxide. After washing with water and ethanol, the dried black precipitate was reacted with K~4~\[Fe(CN)~6~\] (improving the dispersion of magnetic nanoparticles under ultrasonication), after adjusting the pH to 2, a blue precipitate of PB/magnetic particles was obtained \[[@B155-molecules-20-19718]\].

Sangvanich *et al.* \[[@B79-molecules-20-19718]\] functionalized MCM-41 silica with ethylenediamine terminated silane (\[3-(2-aminoethyl-3-amino)propyl\]trimethoxysilane, deposited on silica in refluxing toluene through a series of self-assembled monolayers procedure, \[[@B156-molecules-20-19718]\]) for further binding copper ions (from CuCl~2~ aqueous solution). Prior to contact the resulting copper-silica composite with a sodium hexacyanoferrate solution, the solid was treated in toluene under reflux with a Dean-Stark trap (to condensate all free Si-OH groups). Compared to Prussian Blue insoluble ion-exchanger the supported potassium-copper hexacyanoferrate showed much higher sorption capacities for Cs^+^ and improved selectivity.

Liu *et al.* \[[@B143-molecules-20-19718]\] immobilized titanium onto silica-based supports by contact with Ti(OC~4~H~9~)~4~ in cyclohexane (under heating at 80 °C and phase condenser, and under nitrogen atmosphere), prior to reaction with K~4~\[Fe(CN)~6~\] solution (in 0.5 M HCl): Ti atoms were not fully substituted on the support and TiO~2~ sites remained on the support; the general formula of the potassium-titanium hexacyanoferrate was close to K~2x~\[(TiO~2~)~2−x~Fe(CN)~6~\] (with x close to 0.5). The high specific surface area of the supports was only slightly decreased after hexacyanoferrate immobilization (other textural parameters such as pore volume and average pore size were also hardly affected). Very high distribution coefficients were obtained: the presence of sodium salts (i.e., nitrate or chloride) halved K~d~ values (when passing from 0.1 M to 1 M) but this effect was less drastic than the effect of HNO~3~ concentration (decrease by two orders of magnitude when increasing acid concentration from 0.1 M to 1 M, while HCl concentration did not influence K~d~).

Voronina's Group investigated the functionalization of TiO~2~ with metal hexacyanoferrate \[[@B62-molecules-20-19718],[@B124-molecules-20-19718],[@B125-molecules-20-19718],[@B157-molecules-20-19718]\]. Basically, the support (initially under the form of hydrated TiO~2~) was converted into its hydrogen-sodium form (by successive treatment with HCl and NaOH solutions to pH 6--7), followed by the successive steps: (a) calcination of the support at 400 °C (increase in mechanical stability); (b) impregnation with nickel sulfate, and, finally; (c) the reaction of bound nickel with K~4~\[Fe(CN)~6~\] to form the potassium-nickel hexacyanoferrate at the surface of the titanium oxide support. They reported the interest of the mixed titanium dioxide/potassium-nickel hexacyanoferrate composite for the sorption of both Sr^2+^ (on titanium dioxide) and Cs^+^ (on metal hexacyanoferrate).

The grafting of propyl-ethylenediamine triacetate on silica allows binding Ni(II), which, in turn, acts as an anchoring site for the deposition of nickel hexacyanoferrate layers \[[@B34-molecules-20-19718]\]. In this case, nickel ions are sorbed on chemically-modified silica particles, before the metal-loaded particles are immersed in a K~4~\[Fe(CN)~6~\] solution. The resulting material has a good affinity for Cs^+^ even in the presence of large excess of K^+^: distribution coefficient approaches 2 × 10^6^ mL·g^−1^.

Quartz and indium-tin oxide (ITO) modified glasses were coated with different Prussian Blue analogues \[[@B90-molecules-20-19718]\]. The supports were pre-treated with poly(diallyldimethylammonium chloride) or with poly(allylamine chloride). The pre-treated substrates were immersed in successive baths containing aqueous solutions of (a) potassium hexacyanoferrate (either HCF(II) and HCF(III), depending on the type of metal hexacyanoferrate to be synthesized) and (b) metal chloride solutions (or ammonium ferrous sulfate). The synthesized films were used as separating membranes: the selectivity factor and the fluxes depended on the relative size of hydrated metal ions compared to the size of zeolite channels in Prussian Blue analogues.

Sharygin's Group investigated the sorption properties of Termosksid-35 a zirconium hydroxide support coated with K~2~Ni\[Fe(CN)~6~\] (ion-exchanger content reaches up to 32%--36%, *w*/*w*) \[[@B59-molecules-20-19718],[@B158-molecules-20-19718],[@B159-molecules-20-19718]\]: they reported the strong stability of the composite materials at storage in terms of sorption properties and structure.

### 3.1.2. Polymer {#sec3dot1dot2-molecules-20-19718}

Ion-exchange resins have frequently been used for immobilizing hexacyanoferrate-based ion-exchangers into their porous network by local precipitation using a sequence of successive contact steps with solutions of the two precursors (potassium/sodium hexacyanoferrate and metal salt) \[[@B58-molecules-20-19718],[@B111-molecules-20-19718]\]. The order in the sequence of contacts is not fixed and the literature shows many examples of both hexacyanoferrate/metal salt and metal salt/hexacyanoferrate sequences. IRA-904 (a macroreticular anion exchange resin holding quaternary amine functional groups) was first converted to its hydroxide form for binding potassium ferrocyanide \[[@B81-molecules-20-19718]\]. The copper hexacyanoferrate resin was finally obtained by contact with a copper nitrate solution. The sorbent was very selective for cesium recovery (compared to other alkali metal ions). A similar procedure was used for synthesizing iron hexacyanoferrate resin: after binding potassium ferrocyanide the resin was mixed with ferric nitrate \[[@B126-molecules-20-19718]\]. This resin was very efficient for the chromatographic separation of radionuclides playing with the type and concentration of eluent. The same concept was applied by the same research group for preparing metal hexacyanoferrate IRA-904 resins (using either copper, iron(III) or nickel chloride ions) and the sorbents were very efficient for the recovery and analysis of ^137^Cs^+^ and ^125^I^−^ and ^125^IO~3~^−^ in water and milk \[[@B64-molecules-20-19718]\]. Similar procedure was used for depositing cobalt ferrocyanide into the porous network of a strong base anion exchange resin (polystyrene divinyl benzene polymer backbone bearing --N(CH~3~)~3~^+^ groups) \[[@B104-molecules-20-19718],[@B122-molecules-20-19718]\]: the anion-exchanger resin was mixed with potassium hexacyanoferrate before adding cobalt nitrate; the process is supposed precipitating Co~2~Fe(CN)~6~ inside resin network. A post-treatment with a KCl solutions allowed partially exchanging cobalt with potassium to form potassium-cobalt hexacyanoferrate into the resin \[[@B122-molecules-20-19718]\]: the ion-exchanger structure was found close to K~1.28~Co~1.36~\[Fe(CN)~6~\]. Won *et al.* \[[@B65-molecules-20-19718]\] used IRN-78 strong base anion exchange resin for impregnation/reaction with potassium ferrocyanide followed by contact with copper nitrate, cobalt nitrate or nickel nitrate to synthesize potassium-(copper, or cobalt or nickel) hexacyanoferrate.

Clarke and Wai \[[@B68-molecules-20-19718]\] used a Chelex-20 resin for binding copper nitrate before reacting Cu-resin with K~4~\[Fe(CN)~6~\] solution. The decrease in Cs sorption properties that was observed when the composite resin was in contact with nitric acid solutions was attributed to an oxidative phenomenon that converted Fe^II^(CN)~6~^4−^ into Fe^III^(CN)~6~^3−^. Adding hydrazine or ascorbic acid into the solution contributed to reduce the oxidation mechanism and to maintain the sorption efficiency of the composite material.

Macroporous anion exchange resins (pre-conditioned in the chloride form) were equilibrated twice with a potassium hexacyanoferrate solution before the impregnated resins were reacted with a mixture of copper sulfate and potassium sulfate \[[@B58-molecules-20-19718]\].

Non-woven polypropylene PP fabrics were chemically modified by grafting carboxylic groups (though a radiation-induced graft polymerization of acrylic acid monomer on the fabric) \[[@B32-molecules-20-19718]\]. The carboxylate-bearing PP was loaded with nickel ions by adsorption from a NiCl~2~ solution. The Ni-loaded support was immersed into a K~4~\[Fe(CN)~6~\] solution to form the potassium-nickel hexacyanoferrate/PP composite. Yasutaka *et al.* \[[@B96-molecules-20-19718]\] and Tsuji *et al.* \[[@B93-molecules-20-19718]\] reported the use of non-woven fabrics impregnated with Prussian Blue for the analysis and recovery of cesium. However, the process used for the impregnation procedure was not fully described. The PB-impregnated discs were stacked inside cylindrical columns for radio-cesium uptake.

### 3.1.3. Biopolymer {#sec3dot1dot3-molecules-20-19718}

Kitajima *et al.* \[[@B87-molecules-20-19718]\] impregnated cotton gauze with water-dispersible Prussian Blue particles (characterized by the structure: Fe~4~\[Fe(CN)~6~\]·Na~4.2~\[Fe(CN)~6~\]~1.05~·15H~2~O, with particle size ranging between 10 and 20 nm); sodium cations were then exchanged with K^+^ to make the metal hexacyanoferrate insoluble and stabilized on cotton gauze. Heating the composite at 135 °C allowed reinforcing the stability of PB nanoparticles. Very high decontamination factors were obtained, and the SEM-EDX analysis clearly showed that K^+^ ions were exchanged with Cs^+^ after contact with the radionuclide solution.

Pre-formed chitosan gel beads have been prepared by Rumyantseva *et al.* \[[@B78-molecules-20-19718]\] and they have been used for copper sorption (from copper sulfate or copper nitrate aqueous solutions) before being mixed with K~4~\[Fe(CN)~6~\] solutions (two-fold excess compared to the amount of copper bound to chitosan). XRD analysis showed that the metal hexacyanoferrate immobilized on the gel beads was the phase K~2~Cu~3~\[Fe(CN)~6~\]~2~. The materials produced from copper nitrate salts were characterized by lower distribution coefficient than those produced from sulfate salts. Mass transfer appeared to be controlled by the resistance to external diffusion.

Another technique for the *in situ* deposition of metal ferrocyanide in alginate matrices has been described by Tokarev *et al.* \[[@B61-molecules-20-19718]\]: first, the alginate solution was ionotropically gelled by reaction of carboxylate functions with metal cations (from Ni(II), Cu(II), Fe(II), Mn(II) and Eu(III)). In a second step, water was exchanged with acetonitrile. Metal/alginate material was then mixed with an acetonitrile solution containing \[N(C~4~H~9~)~4~\]~3~\[M'(CN)~m~\] (with M': Fe^3+^, Cr^3+^ (m = 6) or Mo^5+^ (m = 8)). This intermediary product was then reacted with an acetonitrile solution containing the metal nitrate salt used for the ionotropic gelation to coordinate these ions onto the cyanometallate core. The sequence of operations can be repeated in order to increase the size of metal hexacyanoferrate crystals. These materials were characterized for their photo-luminescent properties (with Eu^3+^ complex) or magnetic properties (other metal complexes).

### 3.1.4. Carbon-Based Support {#sec3dot1dot4-molecules-20-19718}

Activated carbon and carbon nanotubes have been successfully used for the immobilization of metal hexacyanoferrate complexes. These materials are well known for their high porosity and large specific surface area that enhance the contact between the ion-exchanger and target metal ions. They can be used either as direct support (direct immobilization of metal hexacyanoferrates) or as functionalized support (large specific surface materials supporting a polymer that will entrap the metal hexacyanoferrate complexes). The immobilization of the ion-exchanger (K~2~Cu\[Fe(CN)~6~\]) on activated carbon contributes to reduce the pore volume of the support and the specific surface area of the raw material (from 528 to 161 m^2^·g^−1^) \[[@B80-molecules-20-19718]\]. The synthesis of the composite material consisted in a two-step procedure: first activated carbon was impregnated with copper sulfate (under vacuum) followed by the contact (under agitation) with a potassium hexacyanoferrate (K~4~\[Fe(CN)~6~\]) solution (molar ratio Cu/K: 2). SEM-EDX analysis showed the precipitation of the hexacyanoferrate complex at both the internal and external surfaces of the support. A similar procedure was used for the immobilization of potassium iron(III) hexacyanoferrate on activated carbon by impregnation of the support with K~4~\[Fe(CN)~6~\], drying before contacting with FeCl~3~·6H~2~O (followed by washing and drying) \[[@B86-molecules-20-19718]\]. The ion-exchanger (of structure close to K~3x~ Fe~4-x~ \[Fe(CN)~6~\]~3~) was essentially localized in the macropores of activated carbon (*i.e.*, pores of 400-4000 nm). The sorbent showed great efficiency for Cs removal from sea water.

Sheveleva *et al.* \[[@B117-molecules-20-19718],[@B118-molecules-20-19718]\] reported the deposition of a Co,Ni-hexacyanoferrate/siloxane-acrylate emulsion at the surface of activated carbon fibers. The siloxane-acrylate emulsion was mixed, for several successive steps, with cobalt and nickel chloride solutions and with potassium hexacyanoferrate. The stable metal hexacyanoferrate emulsion (negative surface charge) was deposited at the surface of positively-charged carbon fibers by electrodeposition in 0.1 M NaCl solutions (potential varying between +0.3 and +0.9 V, without polarization). The thickness of the film and the size of aggregates deposited at the surface of the fibers increase with the potential applied to the system. Increasing the concentration of the emulsion also contributes to (a) its coagulation under electrodeposition conditions; and (b) to produce flaky films, which, in turn, lead to a decrease in the distribution coefficient for Cs removal. Jeerage *et al.* \[[@B160-molecules-20-19718]\] also reported the cathodic deposition of nickel hexacyanoferrate on a suitable electrode for reverse electrochemical sorption/desorption of cesium.

Hong *et al.* \[[@B83-molecules-20-19718]\] synthesized a three dimensionally ordered macroporous (3DOM) carbon matrix for the immobilization of Prussian Blue (PB) nanoparticles. The 3DOM carbon matrix was then mixed with FeCl~3~ and K~3~\[Fe(CN)~6~\] solution under ultrasonic irradiation. The composite materials have been successfully tested for the recovery of ^133^Cs, ^85^Rb, ^138^Ba, ^88^Sr, ^140^Ce and ^205^Tl (for target application in radionuclide decorporation: elimination in the intestinal and esophagus tract). The affinity of the material increases with ionization energy of the target metal (from ^205^Tl to ^133^Cs). Under the same experimental conditions the sorption capacities of immobilized PB for target radionuclides were about 300 times greater than those obtained with bulk PB, and about 30 times those of Radiogardase^®^.

More recently, Yang *et al.* \[[@B66-molecules-20-19718]\] used multiwalled carbon nanotubes (MWCNT) as a support for the immobilization of nickel hexacyanoferrate through poly(4-vinylpyridine) grafting (P4VP). First the MWCNT was mixed (under ultrasonic dispersion conditions) with 4-ethylenepyridine (under nitrogen atmosphere) before adding K~2~S~2~O~8~ as the initiator of the polymerization. Nickel nitrate was mixed with K~3~\[Fe(CN)~6~\] in acetic acid solution in the presence of P4VP-MWCNT: the metal hexacyanoferrate is formed and grows in the framework of the polymer coating while MWCNTs offer large specific surface area for improved efficiency of nickel hexacyanoferrate. They reported the use of these composite materials as supercapacitors.

### 3.1.5. Miscellaneous {#sec3dot1dot5-molecules-20-19718}

Biosorbents have been also used for the immobilization of metal hexacyanoferrates. For example, Jalali-Rad *et al.* \[[@B40-molecules-20-19718]\] used algal biomass pre-treated with EDTA for binding copper ions. In a second step potassium hexacyanoferrate (K~3~\[Fe(CN)~6~\]) was contacted with Cu-EDTA-algae material for the *in-situ* precipitation of potassium-copper hexacyanoferrate complex. Similar Cs sorbents were prepared replacing copper ions with nickel ions to form potassium-nickel hexacyanoferrate complex. The procedure drastically increases the affinity of the different algal materials for Cs. A similar process was used for the impregnation of potassium-nickel hexacyanoferrate into a lignocellulosic material (*i.e.*, coir pith) \[[@B56-molecules-20-19718]\]. The support was mixed with nickel chloride solutions prior contacting the Ni-Coir pith with a potassium hexacyanoferrate solution. The entire procedure was repeated for a total of 5 cycles of impregnation/reaction in order to increase potassium-nickel hexacyanoferrate loading. The incorporation of metal hexacyanoferrate doubled Cs sorption capacity of the material. Vrtoch *et al.* \[[@B63-molecules-20-19718]\] used the Jalali-Rad procedure for incorporating potassium nickel hexacyanoferrate complex in the caps of macro fungi *Agaricus bisporus* (*i.e.*, successive contacts of the fungi biomass with nickel nitrate solution and potassium hexacyanoferrate solutions). Walnut shells (pre-treated with HCl) have been functionalized by successive impregnation with NiCl~2~ and K~3~\[Fe(CN)~6~\] solutions \[[@B6-molecules-20-19718],[@B161-molecules-20-19718]\].

3.2. Encapsulation-Entrapment {#sec3dot2-molecules-20-19718}
-----------------------------

### 3.2.1. Sol-Gel {#sec3dot2dot1-molecules-20-19718}

A simple sol-gel procedure was described by Orechovska and Rajec \[[@B55-molecules-20-19718]\] for the immobilization of potassium-nickel hexacyanoferrate (and sodium-nickel hexacyanoferrate). Sodium silicate solution was mixed with potassium (or sodium) hexacyanoferrate before adding an acidic solution of nickel nitrate. The ion-exchangers precipitated in the silica gel formed during neutralization. In order to prepare spherical beads, the methods were slightly modified \[[@B57-molecules-20-19718]\]. The reaction took place in an oil phase: the aqueous phase containing the reagents was dispersed under strong agitation in the oil phase, the silica gel is supposed to form simultaneously (or little later) than the potassium-nickel hexacyanoferrate ion exchanger. Liu *et al.* \[[@B103-molecules-20-19718]\] synthesized potassium-cobalt hexacyanoferrate that was immobilized in SiO~2~ by a sol-gel procedure (using silicate sodium for building the entrapment matrix): very high metal hexacyanoferrate loadings were obtained (close to 70% *w*/*w*).

Ali *et al.* \[[@B82-molecules-20-19718]\] used rice straw for the extraction of silica-based material that was, in a second step, converted to a zeolite (zeolite synthesis method) by hydrothermal treatment (mixing silica with aluminate, sodium hydroxide oxide, *n*-propyl amine and tetrapropylammonium bromide, followed by reaction at pH 11 with a solution of aluminum sulfate in H~2~SO~4~, under heating at 140 °C). After calcination of the precipitate (obtained at pH 8) at 550 °C, the support was impregnated with K~3~\[Fe(CN)~6~\] and dried. An alternative sorbent was produced introducing directly the K~3~\[Fe(CN)~6~\] or K~4~\[Fe(CN)~6~\] salt in the sol-gel solution: this method is supposed to build-up the zeolite crystals around the complexes (the complexes are taking the place of aluminum element in the zeolite channels).

Causse *et al.* \[[@B162-molecules-20-19718]\] synthesized potassium-copper hexacyanoferrate by fast reaction of copper nitrate with K~4~\[Fe(CN)~6~\] and they introduced the ion-exchanger in a mixture of tetraethoxysilane (TEOS) and acidic solution of Pluronic P-123 (triblock copolymer) as the precursors of silica monolith (dodecane was added as a surfactant for stabilizing the emulsion). Sodium fluoride was added for initiating the polycondensation of silica and after one week of curing the composite potassium-copper hexacyanoferrate/silica monolith was obtained. The monoliths were characterized by very high BET surface area (ranging between 278 and 643 m^2^·g^−1^, depending on the percentage of ion-exchanger nanoparticles in the composite).

### 3.2.2. Polymer {#sec3dot2dot2-molecules-20-19718}

The coagulation of polyacrylonitrile (PAN) in water solution can be used to form fibers, beads, membranes, granular particles. For example, PAN dissolved in dimethylsulfoxide (DMSO) can be coagulated into a coagulation bath of DMSO/water \[[@B163-molecules-20-19718]\]; beads were formed by drops \[[@B36-molecules-20-19718]\], fiber by spinning, and membrane by casting. Incorporating the precursors of the ion-exchanger (*i.e.*, nickel nitrate and K~4~\[Fe(CN)~6~\]) in the PAN solution allows its encapsulation after coagulation \[[@B136-molecules-20-19718]\]. The materials have been successfully tested for ^137^Cs and ^60^Co recovery from radioactive wastes: the sorbent has a marked preference for cesium over cobalt. Copper hexacyanoferrate (obtained by reaction of potassium hexacyanoferrate with copper nitrate) was mixed with PAN in DMSO and the mixture was dropped in water for preparing copper hexacyanoferrate/PAN composite sorbent \[[@B77-molecules-20-19718]\]. The addition of tween-80 allows improving the quality, dispersion and sphericity of composite beads. The BET surface area of sorbent particles exceeded 75 m^2^·g^−1^. Distribution coefficient increased with pH while it slightly decreased in the presence of alkali and alkaline-earth metal ions. PAN was also used by Kamenik *et al.* \[[@B114-molecules-20-19718]\] for incorporating potassium-nickel hexacyanoferrate and for the successful recovery of ^134^Cs and ^137^Cs from seawater. Sheha \[[@B60-molecules-20-19718],[@B131-molecules-20-19718]\] used PAN for the entrapment of magnetic nano/microparticles that were functionalized by potassium-zinc hexacyanoferrate complex \[[@B60-molecules-20-19718]\] or potassium-nickel hexacyanoferrate complex \[[@B131-molecules-20-19718]\].

The same concept was used for the synthesis of copper hexacyanoferrate/polymer composite beads using polyethersulfone (PES) (in the presence of *N*,*N*-methyl pyrrolidone, MP) as the encapsulating material \[[@B22-molecules-20-19718]\]: copper sulfate was added to a potassium hexacyanoferrate solution in the presence of PVA (for reducing the size of copper hexacyanoferrate particles). The dried precipitate was incorporated in the PES/MP solution prior to be distributed in a water bath.

Potassium-copper hexacyanoferrate and potassium-nickel hexacyanoferrate (previously prepared by reaction of precursors: copper or nickel chloride solutions with K~4~\[Fe(CN)~6~\]) were immobilized together with magnetite by polycondensation of sulfonated phenol and formaldehyde \[[@B73-molecules-20-19718]\]. The analysis of the ion-exchangers shows the coexistence of different hexacyanoferrate forms (differences in composition and structure). The sorbents were tested for ^212^Pb sorption and the distribution coefficient decreases with either nitric or sulfuric acid concentrations. Metal desorption exceeds 90% when using 1 M HCl solutions.

Polyurethane (PU) was used as an encapsulating material for immobilizing a composite made of Prussian Blue and diatomite that was *in situ* produced by impregnation of diatomite with iron(III) chloride solution and further reaction with Na~4~\[Fe(CN)~6~\] \[[@B84-molecules-20-19718]\]. The immobilization of PB in the porosity network of the silica-based material was reinforced with multi-walled carbon nanotubes (MWCNTs) prior to be incorporated in PU (zwitterionic surfactants were added as wetting agent, while sulfonated-surfactants were added as dispersant). The PU foam (PUF) containing the dried composite material was obtained by mixing the composite with polyurethane pre-polymer (NB-90000B, derived from poly(oxy C2-4 alkylene)diol and toluene diisocyanate) before reacting with water. The encapsulated composite material was very stable and efficient for cesium sorption (including ^137^Cs). A similar procedure was used by Tsuruoka *et al.* \[[@B121-molecules-20-19718]\] for cesium removal: high distribution coefficients were obtained in sea water and fresh water; the salt content of sea water hardly changed K~d~.

### 3.2.3. Biopolymer {#sec3dot2dot3-molecules-20-19718}

Contrary to the previous cases cited for the *in situ* synthesis of metal hexacyanoferrate on pre-formed alginate beads, in the present method the gel bead formation was simultaneous or posterior to the synthesis of the ion-exchanger. For example, potassium-copper hexacyanoferrate was immobilized by a sol-gel method in alginate gel polymers and the sorbent was used for Pd^2+^ recovery from high level liquid wastes \[[@B130-molecules-20-19718]\]. The ion-exchanger particles were homogeneously distributed in the whole mass of the alginate beads. In complex solutions the analysis of distribution of metal showed the selectivity of the ion-exchanger for Pd ions while other significant metals (such as Ru and Zr) were bound to the encapsulating matrix. Alginate was used by Vipin *et al.* for the encapsulation of Prussian Blue (either soluble or insoluble forms; *i.e.*, Fe~4~\[Fe(CN)~6~\]~3~ and KFe~3~\[Fe(CN)~6~\]~3~, respectively) \[[@B94-molecules-20-19718]\], and sodium-cobalt hexacyanoferrate \[[@B123-molecules-20-19718]\], directly or through carbon nanotube (CNTs) immobilization. The colloidal Prussian Blue solution was mixed with CNTs suspension and then added to alginate solution. The viscous complex solution was then distributed dropwise into a calcium chloride solution for ionotropic gelation (between carboxylate functions and calcium ions). XRD and FTIR analyses confirm the presence of PB. SEM analysis shows the presence of porous channels with a concentric distribution (poorly interconnected): this structure is poorly affected by the presence of CNTs \[[@B94-molecules-20-19718]\]. Similar trends were reported in the case of the encapsulation of sodium-cobalt hexacyanoferrate with alginate (and CNTs) \[[@B123-molecules-20-19718]\]. Prussian Blue was synthesized by adding drop by drop K~4~\[Fe(CN)~6~\] solution into a FeCl~3~ solution. The washed precipitate was dried and further incorporated into a sodium alginate solution before being ionotropically gelled by dropping the mixture into a CaCl~2~ solution \[[@B164-molecules-20-19718]\]. The composite material was successfully used for thallium recovery. SEM-EDX analysis showed that the ion-exchanger was homogeneously dispersed into the composite material and that Tl element was also present in the whole volume of the bead; this means that all reactive sites remain available in the material. Tested in the presence of Rb(I) the sorption of thallium was hardly affected by the competitor ion: the sorbent is very specific to Tl(I) \[[@B164-molecules-20-19718]\]: the presence of large excess of competitor cations (Na^+^, K^+^, Ca^2+^) hardly influenced sorption capacity ([Figure 4](#molecules-20-19718-f004){ref-type="fig"}).

Dwiwedi *et al.* \[[@B23-molecules-20-19718]\] also applied the encapsulation procedure for the immobilization of potassium-cobalt hexacyanoferrate with alginate gel matrix. The precursors of the ion-exchanger (*i.e.*, CoSO~4~ and potassium hexacyanoferrate) were mixed in the presence of polyvinyl alcohol (which acts as a stabilizer of metal hexacyanoferrate complex and which contributes to control the size of nanoparticles). Sodium alginate solution was added to the suspension and the mixture was ionotropically gelled (dropwise addition in a calcium chloride solution).

![Effect of increasing concentration of salts (of alkali and alkaline-earth metal salts) on Tl(I) sorption capacity (reprinted with permission from Elsevier, \[[@B164-molecules-20-19718]\]).](molecules-20-19718-g004){#molecules-20-19718-f004}

Recently, Prussian Blue analogues were incorporated into highly macroporous membranes or foams/sponges \[[@B18-molecules-20-19718],[@B153-molecules-20-19718]\] made of chitin; [Figure 5](#molecules-20-19718-f005){ref-type="fig"} schematically describes the synthesis route. Pre-synthesized potassium-nickel hexacyanoferrate (obtained by reaction of potassium hexacyanoferrate and nickel sulfate) was incorporated in chitosan solution (the biopolymer being dissolved in acetic acid solution) \[[@B152-molecules-20-19718]\]. The suspension (homogeneously dispersed using an Ultra-Turrax) was poured in a Petri dish before being frozen at −80 °C. The frozen disc was then freeze-dried. The frozen water is forming a porous network in the frozen disc, water sublimation during the freeze-drying step maintains a macro-porous network. The freeze-drying process generates the high macroporosity of the composite (the macroporosity depends on the concentration of the chitosan solution, the freezing temperature, *etc*.). This high macroporosity contributes to the high permeation properties of these materials that can be disposed in column systems (fixed-bed columns). However, in order to minimize the preferential channels that could form it may be important to force high flow rates in the system and to recycle the solution (to achieve sufficient contact times) \[[@B152-molecules-20-19718]\]: a minimum flow velocity is necessary for limiting these wall and dead volume effects.

The ion-exchanger/chitosan foam may be unstable in acidic solutions (with the remarkable exception of sulfuric acid solutions), it is thus necessary reinforcing its stability in acidic solutions. This objective was reached by acetylation of amine groups (using acetic anhydride reaction with amine functions). The composite potassium-nickel hexacyanoferrate/chitin foam can be used for Cs(I) binding using the foams as reactive filtrating discs. Very efficient and promising breakthrough curves were obtained using a fixed-bed column filled with these discs. The porous properties of the materials are controlled by experimental parameters such as the concentration of chitosan solution and the freezing temperature. [Figure 6](#molecules-20-19718-f006){ref-type="fig"} shows the influence of these parameters on the textural properties of the hybrid materials \[[@B153-molecules-20-19718]\]. PB/chitin foams prepared through the same procedure were designed for specific applications for the recovery of accidental dumping of metal-bearing solutions \[[@B153-molecules-20-19718]\]. The dried foams (conditioned as large thin sponges) can be used for absorbing contaminated discharged water; after a few minutes of contact/reaction, the treated water is drilled from the sponge (by gravity, centrifugation, or wringing, *etc.*) while the metal or the radionuclide is transferred from the dispersed water phase to the solid phase.

![Schematic route for the synthesis of chitin sponge composites.](molecules-20-19718-g005){#molecules-20-19718-f005}

![Textural properties of chitin sponges: effect of chitosan concentration and freezing temperature (reprinted with permission from Elsevier \[[@B153-molecules-20-19718]\].](molecules-20-19718-g006){#molecules-20-19718-f006}

A similar concept was used by Vincent *et al.* \[[@B18-molecules-20-19718]\] for manufacturing chitin beads: (a) different Prussian Blue analogues were synthesized using potassium hexacyanoferrate and a series of metal salts: Cu-, Ni-, Zn-, Co and Fe salts); (b) the potassium-metal hexacyanoferrates were incorporated into chitosan solution before being distributed drop by drop into a liquid N~2~ batch (for shape-forming); (c) the freeze-drying of the beads was followed by the acetylation of PB analogue/chitosan beads.

TEM-analysis of potassium-metal hexacyanoferrate showed very different structures between Zn-based material (large cubic particles) and other PB analogues (smaller and roughly spherical particles) ([Figure 2](#molecules-20-19718-f002){ref-type="fig"}). The freezing of the particles in liquid N~2~ contributes to forming a very porous structure. Again SEM-EDX analysis confirmed the homogeneous distribution and the great accessibility of reactive sites to Cs(I) ions. [Figure 7](#molecules-20-19718-f007){ref-type="fig"} shows the porous structure of hybrid materials prepared by encapsulation of pre-synthesized Prussian Blue analogues in chitin beads formed by freezing in liquid N~2~ and further reacetylation \[[@B18-molecules-20-19718]\].

![SEM analysis of cross-section of hybrid metal hexacyanoferrate/chitin beads (reprinted with permission from Royal Society of Chemistry \[[@B18-molecules-20-19718]\]).](molecules-20-19718-g007){#molecules-20-19718-f007}

The drying of the material (when required) may be critical since the irreversible drying can strongly impact the porosity of the material and its diffusion properties (accessibility, availability): in the case of hydrogels obtained by ionotropic gelation of biopolymer (alginate). Tokarev *et al.* \[[@B61-molecules-20-19718]\] reported the use of drying under supercritical CO~2~ conditions for maintain the textural properties of the original material. They also described the synthesis of photo-luminescent films made of *in situ* produced cyano-bridged coordination polymer nanoparticles (based on Eu^3+^/\[Mo(CN)8\]^3−^): the *in situ* synthesis of sequential synthesis of the ion-exchanger composite film was already reported (See [Section 3.1.3](#sec3dot1dot3-molecules-20-19718){ref-type="sec"}).

Basically the alginate solution was ionotropically gelled with a metal salt (alginate solution casted on a chromatography paper impregnated with the relevant metal salt solution) before exchanging water with acetonitrile. In a second step, the films were put in contact alternatively (and repeatedly) with acetonitrile solutions of \[N(C~4~H~9~)~4~\]~3~\[M(CN)~m~\] (with M = Mo, m = 8 for molybdenum-based cyanometallate) and metal nitrate salt (here \[Eu^3+^(H~2~O)~6~\](NO~3~)~3~). Similar films have been prepared with nickel and copper (instead of europium) using hexacyanoferrate (instead of cyanomolybdate complex) for manufacturing magnetic hybrid membranes. Films, membranes could be used as spiral modules for the reactive filtration of contaminated effluents.

3.3. Miscellaneous--Granulation and Magnetic Particles {#sec3dot3-molecules-20-19718}
------------------------------------------------------

The granulation of the material is directly associated to the drying procedure. While the freeze-drying partially contributes to manage capillary forces during the drying step and results in highly-dispersed particles, air-drying leads to agglomeration of particles that can be grinded at the appropriate size for practical application \[[@B165-molecules-20-19718]\]. Increasing the size of ion-exchanger facilitates handling and management of the sorbent at the expense of a reduction in the availability and accessibility of reactive groups (which, in turn, affects the uptake kinetics and, in some cases, the equilibrium performance). Attrition phenomena may occur and Nilchi *et al.* \[[@B165-molecules-20-19718]\] suggested impregnating the dried material with a 4% aqueous polyvinyl alcohol solution to improve the mechanical stability of the ion-exchanger.

Loos-Neskovic *et al.* \[[@B166-molecules-20-19718]\] have developed a method they called "growth from the solid" that consists in the slow growth of the insoluble compound on a soluble reacting crystal placed in a concentrated solution of the other reactant. Basically, the alkaline hexacyanoferrate M^I^~4~\[Fe(CN)~6~\] crystal is introduced in a solution of a metal salt whose hexacyanoferrate complex is insoluble. A layer of this insoluble complex is formed at the surface of the alkaline hexacyanoferrate crystal. The progressive addition of new quantities of metal salt leads to the deposition of new layers of the insoluble complex. The method allows the preparation of granulated homogeneous spherical particles that can be practically used in fixed-bed systems.

Alternatively, the management of nano- and micrometric size sorbents can be facilitated using magnetic particles as support for the immobilization of metal hexacyanoferrates \[[@B44-molecules-20-19718],[@B131-molecules-20-19718],[@B141-molecules-20-19718]\]. Kolodynska *et al.* \[[@B44-molecules-20-19718]\] reported the synthesis of insoluble potassium-nickel hexacyanoferrates (by reaction of NiCl~2~ with K~4~Fe(CN)~6~), followed by the polycondensation of sulfonated phenol and formaldehyde in the presence of a mixture of the ion-exchanger with magnetite powder. Sheha *et al.* \[[@B131-molecules-20-19718]\] proposed mixing anionic hexacyanoferrate species (added as K~4~Fe(CN)~6~) with positively charged magnetite nanoparticles (protonated ferrite particles). In a second step, nickel chloride was added to the mixture for precipitating potassium-nickel hexacyanoferrates as a thin layer at the surface of magnetite nanoparticles. The entrapment of these composite materials in polyacrylonitrile (PAN) gel did not improve Cu sorption properties and slightly slowed the uptake kinetics but maintained the confinement of micro-particles. More recently, Zhang *et al.* \[[@B141-molecules-20-19718]\] immobilized potassium titanium hexacyanoferrate on 100-nm magnetite particles for the recovery of cesium. Magnetite particles were successively coated with SiO~2~ (by reaction of tetraethyl orthosilicate with sodium silicate in an ethanol/water solution) and TiO~2~ (by reaction of tetrabutyl titanate with isopropyl alcohol/water solution, followed by reaction with ammonia). The support was then reacted with K~4~\[Fe(CN)~6~\] to form a composite (Fe~3~O~4~/SiO~2~/K~4-y~Ti~x~\[Fe(CN)~6~\]) that was efficiently tested for cesium sorption.

Avramenko *et al.* \[[@B30-molecules-20-19718],[@B31-molecules-20-19718]\] reported the synthesis of latex colloid particles made of siloxane-acrylate emulsions (particle size close to 160 nm) mixed with metal (cobalt, copper or nickel) chloride salts (single-metal salt or combination of metal salts) with potassium hexacyanoferrate at pH 7. The composite emulsion is relatively stable (for at least 1 month); however, at high hexacyanoferrate content non-stabilized particles are formed and can be recovered by settling or filtration \[[@B31-molecules-20-19718]\]. Comparing the potential of these materials for flocculation of radionuclides with the performances obtained by cesium precipitation in presence of the precursors (direct co-precipitation process) they point out that the most significant advantage is the remarkable reduction in the volume of the sludge produced by the treatment (*i.e.*, 1% *vs.* 25%) \[[@B30-molecules-20-19718]\]. They also reported the electrodeposition of cobalt hexacyanoferrate/latex emulsion at the surface of carbon fibers (with high specific surface area) \[[@B31-molecules-20-19718]\].

The thermal treatment of a mixture containing polyvinylpyrrolidone (PVP) and K~3~\[Fe(CN)~6~\] (in HCl solution) leads to the crystallization of Prussian Blue particles \[[@B167-molecules-20-19718]\]. Actually, Hu *et al.* showed that the potassium hexacyanoferrate(III) is partially decomposed to release iron(III) ions that are reduced by PVP. Iron(II) reacts with potassium hexacyanoferrate(III) to form Fe~4~\[Fe(CN)~6~\]. PVP plays the role of the reductant and contributes to the control of the size and the shape of PB particles.

Polymethylmethacrylate (PMMA) was used for preparing structured granular ion-exchanger \[[@B91-molecules-20-19718],[@B120-molecules-20-19718]\]: PMMA was suspended in water (in the presence of a surfactant); K~4~\[Fe(CN)~6~\] and ferrous sulfate solutions were successively added. After pH control to 0.69 with sulfuric acid a green precipitate was obtained. After careful washing the precipitate was oxidized with successive batches of potassium chlorate and hydrochloric acid solutions. The granulated potassium iron(III)hexacyanoferrate supported PMMA material was dried, grinded and sieved.

An original process was described by Chen *et al.* \[[@B67-molecules-20-19718],[@B109-molecules-20-19718]\] for the electro-adsorption of cesium using copper hexacyanoferrate deposited (by spin coating) on gold electrodes. Copper(II) hexacyanoferrate(III) was first synthesized (as a mixture of Cu~3~\[Fe(CN)~6~\]~2~ and KCu\[Fe(CN)~6~\] using copper nitrate and K~3~\[Fe(CN)~6~\] as precursors; the hydrophilicity of the product was increased by mixing with Na~4~\[Fe(CN)~6~\] solutions. The copper hexacyanoferrate "ink" was spin coated on the working electrode (reference and counter electrodes were Hg/HgCl~2~/KCl (saturated solution) and platinum electrodes, respectively). The main advantages of the process are: (a) the absence of consumption of chemical reagents and of sludge production; (b) the reversibility of the reaction (potential switching between anodes and cathodes); and (c) easy and fast sorbent separation from treated solution.

For health application (*i.e.*, metal decorporation) it may be useful to immobilize the ion-exchanger in a suitable matrix, compatible with physiological conditions and stable in the digestive tract to reach the appropriate location for optimized absorption in the body. It means that it remains stable in either acidic or alkaline conditions to follow the digestive tract and deliver adequate amounts of Prussian Blue. Indeed, administration of bulk Prussian Blue requires absorption of excessive amounts that could be modulated with a suitable support. Biopolymers with controlled pH range of stability appear to be promising materials for this kind of application.

3.4. Stability of Structured Materials {#sec3dot4-molecules-20-19718}
--------------------------------------

The challenges for the structured materials consist in the stability of composite materials. This stability issue deals with mechanical stability (effective confinement of nano- or micro-particles in the hybrid materials) \[[@B22-molecules-20-19718]\], chemical stability (acid range, presence of salts) \[[@B125-molecules-20-19718],[@B140-molecules-20-19718]\], radiation stability (especially important for polymer and biopolymers encapsulating materials submitted to radiolysis conditions) \[[@B33-molecules-20-19718],[@B136-molecules-20-19718]\].

The confinement of active materials (*i.e.*, the micro- or nano-size ion-exchanger particles) is a key parameter since it controls the stability of the ion-exchanger and controls the solid/liquid separation; this is even more critical in the case of radionuclide entrapment: the confinement of metal-loaded ion-exchanger particles in the matrix is an important requisite. If the process of immobilization consists in the physical entrapment the matrix porosity should not be affected by swelling effect. For example, in the case of encapsulation in alginate beads \[[@B164-molecules-20-19718]\] the ionotropic gelation with calcium chloride can be reversed in alkaline solution: calcium cation being exchanged with sodium ion the biopolymer capsule partially dissolves and ion-exchanger particles may be released. Similar phenomena can be observed with chitosan-based materials: in acidic solutions (except in sulfuric acid media) chitosan can dissolve and release the ion-exchanger; the problem was solved by chemical modification of the biopolymer: the reacetylation of chitosan into chitin (conversion of glucosamine into *N*-acetyl-[d]{.smallcaps}-glucosamine) improves the chemical stability of the biopolymer in acidic solutions \[[@B18-molecules-20-19718],[@B153-molecules-20-19718]\]. Nilchi *et al.* \[[@B136-molecules-20-19718]\] also reported weak chemical stability of polyacrylonitrile matrices for the encapsulation of potassium nickel hexacyanoferrate: the polymer partially or totally dissolves in concentrated acids, or in some specific solutions (such as ZrCl~2~, LiBr, CaCl~2~ or NaSCN). The stability of magnetic supports in acidified solutions is also of critical importance: usually below pH 2, magnetite begins to hydrolyze and partially dissolve.

The resistance to radiolysis is also an important criterion for the design of immobilized ion-exchangers. Inorganic supports are generally more stable to irradiation effects than polymer-based materials \[[@B168-molecules-20-19718],[@B169-molecules-20-19718]\], though in some cases the gamma irradiation may also impact: (a) the structure of the ion-exchanger, which, in turn, influences its topographical properties (cage effect) and its affinity for target metal \[[@B21-molecules-20-19718],[@B169-molecules-20-19718]\]; (b) the chemical composition of the ion-exchanger (oxidation of Fe(II) to Fe(III), for example, with possible effect on the reactivity of the ion-exchanger) \[[@B33-molecules-20-19718]\]. In the case of gamma irradiation (at the dose of 4 MGy) of potassium nickel ferrocyanide deposited on silica gel support, Bykov *et al.* \[[@B33-molecules-20-19718]\] showed that the ^137^Cs distribution coefficient decreased by a factor of 2.5; However, the sorbent maintained a quite high distribution coefficient (\>10^4^) that confirms the relatively high stability of the composite. Irradiation may impact the molecular weight of the polymer \[[@B168-molecules-20-19718]\] (with a potential effect on the tensile properties of the material), the mechanical properties of the composite \[[@B170-molecules-20-19718]\], pore size characteristics \[[@B171-molecules-20-19718]\], their intrinsic ion-exchange properties \[[@B172-molecules-20-19718]\], *etc.* The gamma irradiation may cause chemical decomposition of organic material producing hydrogen with potential explosive hazard. Preliminary tests performed on chitin-based encapsulation of Prussian Blue analogues have shown a relative stability and no production of hydrogen gas at low irradiation (unpublished results). This criterion of stability is important in the processing of metal sorption, but this is also a critical issue for the long-term stability of radionuclide-loaded ion-exchanger: the radiolysis of the loaded composite may increase the mobility of the radioelement and limits the potential of the material for long-term storage.

Note: In a recent paper Olatunji *et al.* \[[@B173-molecules-20-19718]\] review the sorption of cesium using a series of sorbents including hexacyanoferrate-based materials. They comment on the effect of experimental parameters (specific sorption parameters) and discuss the relevant stability issues. The reader can consult this review oriented toward sorption performance, which is complementary to the present mini-review on synthesis of composite materials.

4. Conclusions {#sec4-molecules-20-19718}
==============

A great number of processes have been designed for the last decades for the immobilization of ion-exchangers based on potassium-metal hexacyanoferrates. These hybrid materials are very efficient for the recovery of radionuclides and analogues (such as radioelement issued from cesium, rubidium and thallium). The hybrid materials can be synthesized by incorporation and entrapment (or encapsulation) of pre-formed ion-exchanger micro- or nano-particles in a suitable matrix (polymer or biopolymer, or sol-gel process for mineral supports) or by direct *in situ* synthesis of the ion-exchanger micro- or nano-particles into the porous network of pre-formed supports.

Critical parameters are the confinement of the micro- and nano-particles, the size of pores of the supports (and subsequent diffusion properties), the stability of the composites (in terms of both mechanical, chemical and radiolysis properties), the density (or proportion) of ion-exchanger particles in the hybrid material.

The objective of the wastewater treatment and the mode of use of the hybrid material conditions the selection of the process used for the synthesis of the ion-exchanger composite: encapsulation usually performed with polymer-based supports offer a great diversity of conditioning but at the expense of a limited resistance against radiolysis. Mineral supports offer good mechanical and radiolysis resistance; however, the loading of ion-exchanger is generally limited in percentage and except a few examples of monolithic mineral supports the choice in shaping is rather limited.

Apart from these applications of supported hybrid materials in environmental remediation, these metal-hexacyanoferrate composites can be used for other applications such as gas capture and separation \[[@B42-molecules-20-19718],[@B174-molecules-20-19718]\], as sensors \[[@B145-molecules-20-19718],[@B147-molecules-20-19718]\], in energy applications \[[@B66-molecules-20-19718]\], in synthesis of photo-luminescent materials \[[@B175-molecules-20-19718],[@B176-molecules-20-19718]\]. De Taconi *et al.* \[[@B28-molecules-20-19718]\] reviewed different applications of metal hexacyanoferrates (such as magneto-optic/optic-magneto switching, energy conversion, display devices and smart windows, photo-imaging, *etc.*) that could probably find applications when supported on a suitable matrix.
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